Abstract: In recent years, satellite-based solar radiation data resolved in spectral bands have become available. This has for the first time made it possible to produce maps of the geographical variation in the solar spectrum. It also makes it possible to estimate the influence of these variations on the performance of photovoltaic (PV) modules. Here, we present a study showing the magnitude of the spectral influence on PV performance over Europe and Africa. The method has been validated using measurements of a CdTe module in Ispra, Italy, showing that the method predicts the spectral influence to within ±2% on a monthly basis and 0.1% over a 19-month period. Application of the method to measured spectral responses of crystalline silicon, CdTe and single-junction amorphous silicon (a-Si) modules shows that the spectral effect is smallest over desert areas for all module types, higher in temperate Europe and highest in tropical Africa, where CdTe modules would be expected to yield +6% and single-junction a-Si modules up to +10% more energy due to spectral effects. In contrast, the effect for crystalline silicon modules is less than ±1% in nearly all of Africa and Southern Europe, rising to +1% or +2% in Northern Europe.
Introduction
It is well known that the energy conversion efficiency of photovoltaic (PV) cells depends on the wavelength of the incoming light [1] [2] [3] [4] . This so-called spectral response of the cell depends on the PV technology used. Since the spectrum of sunlight varies over time, the power output of PV cells and modules will depend not only on the total in-plane irradiance, but also on the instantaneous spectrum of the sunlight. As a result, the different spectral responses of PV technologies will cause PV modules to have different instantaneous power output, even if they have the same nominal power [5] [6] [7] [8] . If the solar spectrum differs significantly between geographical locations, this may lead to a difference in the overall energy output from PV installations. Knowing the effect of the spectral variations at any point would therefore be useful for PV system planners and investors in order to choose the PV modules best suited for a given location.
Measuring the spectrum of sunlight is much more difficult and expensive than measuring the broadband radiation using pyranometers. Mainly for this reason, the number of sites where the spectrum has been measured consistently is relatively small. This, in turn, means that assessing the influence of the spectral variations on PV energy output at a given site is very difficult.
Even when the task of collecting spectrally resolved data is discounted, the analysis of the collected information still poses difficulties. Adequately characterizing a solar spectrum typically involves obtaining measurements at a resolution of 2 nm over the wavelength range of 300-1700 nm. Instead of one data point per measurement, as would be obtained with a pyranometer, several hundred data points are acquired. Since the variation of any one of these data points alone is not enough to influence the measurable output of a photovoltaic system, it becomes necessary to find some average value or values that will indicate a general shift in the distribution of light over the spectrum.
One such metric that has gained popularity within the photovoltaic community is the "average photon energy" (APE) proposed by Jardine et al. in [9] . Similar to an average photon wavelength [10] , it represents the average energy of all of the photons impinging upon a target surface and is typically expressed in units of electron-volts. Unlike a spectral mismatch value or the "Z parameter" [11] , it is a technology-independent parameter that describes only the spectral quality of solar irradiation. Some authors have argued that an APE value will describe a single spectral distribution of irradiance to within a level of certainty sufficient for PV analyses [12] . Other researchers have presented evidence that this is not the case [8] . With the present results, we hope to add to this discussion.
Recently, methods have been developed to estimate the spectral content of sunlight using data from geostationary satellites [13, 14] . These data have uniform coverage over large geographical areas; for instance, the Meteosat class of satellites cover Europe, Africa and nearly all of Asia. The spatial resolution is generally a few kilometers. The satellite data record covers up to 30 years in some regions, and the time resolution is typically hourly or better.
It should therefore be possible to use such satellite retrieved data together with information about the spectral response of PV modules in order to estimate the overall influence of spectral variations on the PV energy output. However, this will of course only be possible if the spectrally-resolved radiation data are sufficiently accurate, so as to give meaningful estimates of the spectral variations in the PV output.
The aim of this paper is to investigate the possibility of using the satellite-based spectral irradiance data to estimate the effect of spectral variations on PV energy output and to quantify the magnitude of this effect over large geographical areas. The structure of the paper is as follows: Section 2 briefly describes the satellite-based spectral irradiance data. We then present the mathematical models used to estimate the PV performance in Section 3. Section 4 contains the validation of the spectrally-resolved irradiance data, both for global horizontal and direct normal irradiance. This section also describes the validation of the model for calculating the influence of spectral variations, using outdoor measured PV performance data. The application of the models to calculate the spectral effect over large geographical regions is then given in Section 5.
Satellite-Based Estimates of Spectrally-Resolved Solar Radiation Data

Retrieval of Spectrally-Resolved Solar Radiation Data from Satellite Images
The SPECMAGIC algorithm calculates spectrally-resolved solar irradiance using the effective cloud albedo [15] retrieved from geostationary meteorological satellites combined with data on the atmospheric content of aerosols, water vapor and ozone. Aerosol information is taken from the Monitoring Atmospheric Composition & Climate (MACC) project. The MACC aerosol data result from a data assimilation system for global reactive gases, aerosols and greenhouse gases. It consists of a forward model for aerosol composition and dynamics [16] and the data assimilation procedure described in detail in [17] . The data are generated by the European Centre for Medium Range Weather Forecast on a Gaussian T159, which is transformed to a 0.5 × 0.5
• regular latitude longitude grid. The water vapor profile results from the reanalysis of the European Centre for Medium-Range Weather Forecasts [18, 19] . Monthly values have been used at a 0.25 × 0.25
• grid. For ozone, climatological standard profiles provided within the radiative transfer model "libRadtran" are used [20] . The algorithm, which is described in Müller et al. [13] , calculates both global horizontal (GHI) and direct normal irradiance (DNI) in 30 spectral bands in the range from 300 nm-4,600 nm. The spatial resolution of the radiation data is three arc-minutes. Irradiance has been calculated using the Meteosat satellites covering Europe, Africa and nearly all of Asia [21] . The spectral bands used in the algorithm are identical to the 32 bands used by Kato et al. [22] , except for the first two bands in the ultraviolet. The lower and upper limits of the 32 Kato bands are provided in Table A1 of the Appendix.
The uncertainty of the retrieval algorithm is typically below 1%-2%, which has been estimated by comparison with radiative transfer model based methods; please see [13] for further details. This uncertainty is significantly lower than the experimental error of about 5% of spectro-radiometric measurements [23] , but does not include the errors induced by the used atmospheric input, which is likely the main error source for the estimation of solar surface irradiance. The accuracy of the retrieved spectrally-resolved irradiance depends on the specific sites and spectral region and is further discussed in Section 4.1 of this manuscript, as well as in [13] . Typically, the error is close to the measurement error of the ground-based spectro-radiometric measurements.
Calculation of Inclined-Plane Radiation
Given the global horizontal and direct normal (or horizontal) irradiance, the direct irradiance can be calculated on any arbitrary plane [24] . There exists a number of models for estimating the diffuse irradiance on an inclined plane [25, 26] . In this work, we use a modified version of the model developed by Muneer [25] . The modification was necessary because the model uses the clearness index k c (Equation (1)) as an input parameter:
where G and G ext are, respectively, the horizontal irradiance at the Earth's surface and at the top of the atmosphere. When using this model for spectrally-resolved irradiance, it becomes necessary to substitute both G and G ext by the corresponding irradiances in each spectral band in order to calculate k c for that band.
Models and Data for PV Performance Studies
The power output of a PV module or array depends on a number of different environmental influences. In this study, we will consider some of these in order to estimate how the output power varies with:
• Increased reflectivity at a shallow angle of incidence; • The effect of the spectrum of the sunlight; • The effects of module temperature and irradiance.
Some other effects will not be considered here, such as aging of the modules, local shadows or deposition of dust, dirt or snow on the modules. For some of these effects, the geospatial variation is poorly known, while other effects, such as shadowing, are likely to be extremely local and not suited for studies over large geographical regions.
Influence of Angle of Incidence on the Transmitted Irradiance
When light strikes the surface of a PV module at a sharp angle of incidence (light rays are nearly parallel to the module surface), there is increased reflection of the light, and the output is correspondingly lower. In the calculations described here, we use the model of Martin and Ruiz [27] to account for this effect. This model assumes that the angular dependence of reflectivity is the same for all wavelengths.
Effects of Changes in the Light Spectrum
The efficiency with which the energy of the photons in sunlight is converted into electrical energy in the PV cell depends on the photons' wavelength. Some photons have insufficient energy to excite an electron in the PV material, while others have excess energy that cannot be transferred to the electrons. The sensitivity of a given PV cell to different light wavelength is called the spectral response or spectral response curve, denoted S r (λ). The spectral response is a function of wavelength and at each wavelength is proportional to the conversion efficiency of the cell/module when illuminated with monochromatic light of that wavelength. This is not the case for multijunction PV cells, so this description does not apply to these PV technologies.
Some spectral response curves are shown in Figure 1 . These spectral response curves were measured at the ESTI Laboratory of the European Commission Joint Research Centre. The methods used to measure the spectral response curves are described in [4, 28] . Figure 1 . Plots of the spectral response for five different module types: amorphous silicon (single junction), CdTe, CuInSe 2 (CIS), crystalline Si and Sanyo HIT (hybrid c-Si/a-Si). The curves are all normalized so that the integral equals one.
The short-circuit current I sc is very nearly proportional to the number of electrons that are excited in the PV material per second. As shown in Equation (2), for a given wavelength λ, the contribution to I sc is proportional to the spectral response multiplied by the intensity of the light at that wavelength. I sc can then be found by integrating this over the wavelength range where S r (λ) > 0:
Here, R(λ) is the spectral light intensity and k a proportionality constant specific to the given cell/module and the measured spectral response curve.
The power of a PV module is not proportional to I sc , since it also depends on the module voltage. However, for small changes in the power, the variation in the voltage is small, and the power will be approximately proportional to I sc :
This would be the case when the spectrum changes, but the total irradiance stays the same. Following [6, 8] , the effect of spectral changes can then be estimated as the spectral mismatch, M M (Equation (3)):
Here, R ST C is the spectrum defined in the standard test conditions (STC), G ST C is the total broadband irradiance of the STC spectrum, while G P OA is the broadband irradiance in the plane of array (found by integrating R(λ)). I sc,ST C is the short-circuit current under the STC spectrum and irradiance.
The mismatch factor M M can now be used to define an effective irradiance, G ef f , from the received in-plane of array irradiance G P OA (Equation (4)), which can be used to estimate the output power of the PV module.
Model for PV Performance
It is well known that the power output of a PV module depends on the received irradiance in a nonlinear way and also on the temperature of the module. The importance of these effects varies between PV technologies.
There exist a number of different models to account for these effects in the literature [29] [30] [31] [32] . The model used in this work is described in Huld et al. [32] . According to this model, the instantaneous power can be described, as shown in Equation (5), as a function of the effective in-plane of array irradiance G ef f and the module's temperature T mod :
where G ST C =1,000 W/m 2 is the STC irradiance and G ef f and T are irradiance and temperature values normalized to STC values according to Equation (6):
PR m is the module performance ratio; its dependence on G P OA and T is shown in Equation (7):
The coefficients k 1 to k 6 must be found by fitting the model to experimental data measured on the module or module type of interest.
PR m depends on the instantaneous irradiance and module temperature. Under steady-state (or slowly changing) conditions, the T mod can be estimated from the ambient (or air) temperature T amb , wind speed W and the in-plane of array irradiance in the following way (Equation (8)) [33, 34] :
The coefficients u 0 and u 1 describe how much the PV module is heated by the solar radiation and cooled by the wind. They depend on the way the PV module is mounted (free-standing rack, ventilated or unventilated roof mounting, etc.) and also slightly on the module type.
In the applications of this model, in the following, we have used values for u 0 and u 1 taken from Köhl et al. [34] .
Sources of PV Module Data
The models for PV power estimation given in Sections 3.1-3.3 contain coefficients that must be determined from measurements performed on the PV modules. For the angle-of-incidence (AOI) effect, we have used coefficients taken from the literature [27] .
Data for the module temperature model have been taken from [34] . The coefficients for a free-standing rack are given in Table 1 . For the PV power model in Equation (7), coefficients for typical crystalline silicon modules can be found in [32] . The coefficients for CdTe and a-Si are based on measurements performed by the JRC ESTI laboratory and fitted using the methods described in [32] .
Validation
Some validation results for the SPECMAGIC spectrally-resolved irradiance data have been reported in [13] for two sites in Europe, for global spectral irradiance on an inclined plane. Here, we will add results for one site for global horizontal spectral irradiance and one site for spectral direct normal irradiance (DNI). The DNI spectrum is important in this context, because it is needed to calculate the inclined-plane spectral irradiance.
The validation of the spectrally-resolved irradiance values derived from the SPECMAGIC algorithm is performed using measurements of global horizontal and direct (beam) normal spectral irradiance registered at two different locations, Ispra (Italy) and Nicosia (Cyprus), respectively. A detailed description of the two measured databases, including the procedure followed to register and record the spectral irradiance measurements, the instruments used, the wavelength range covered and the temporal resolution of the recordings, can be found in [35] for the global irradiance database and in [36] for the direct irradiance database.
The spectroradiometer system installed in Cyprus has been calibrated in situ by performing a calibration transfer from a reference set of spectroradiometers. This reference set was, in turn, calibrated at the European Solar Test Installation laboratories against an FEL (filament type) standard lamp calibrated at the National Physics Laboratory (NPL). The average uncertainty budget for the calibration of the outdoor spectroradiometers has been estimated using the known calibration drift of these devices, the noise levels present, the sensor linearity and the uncertainties involved in the outdoor transfer. This has resulted in an estimated expanded uncertainty of calibration of ±5.4%. A full breakdown of this estimate has been described in [36] . The measurement uncertainty is more difficult to estimate due to the large number of variables that can affect each measurement, but accounting for the same uncertainty components again results in a first estimate of expanded uncertainty of ±6.69%.
However, a brief description of the measured databases and the period of time used for this particular analysis is presented in Table 2 . While the measured data contain the spectral irradiance registered every few nm, the output of the satellite algorithm is the spectral irradiance already integrated into 30 bands ("Kato bands") of different wavelength widths in the range from 300 nm-4600 nm. Another difference between the measured databases and the estimated one is the time frequency of the data. While measurements are performed every few minutes, the frequency of the estimated values depends on the availability of the satellite images. For this validation, there are two estimated values available per hour for Nicosia and one per hour for Ispra. These differences between the measured and estimated data make it necessary to perform some modifications to the original measured values before comparing measured and estimated irradiance values in the validation. The procedure applied goes as follows:
1. For every satellite retrieved time point, the closest measurement in time to the moment when the satellite image was taken is selected from the measurement time series. Due to the frequency of the measured data, a 5-min window centered at the moment of the satellite data was applied for the Cyprus database and a 20-min window was used for the Ispra database. 2. The measured spectral irradiance values are integrated into bands according to the limits of the Kato bands available in the estimated database. However, due to the wavelength range of the equipment used to measure the spectral irradiance, not all of the 30 bands available in the estimated database can be considered. 3. It was decided to remove all of the moments when the Sun's elevation angle is below 5°.
Once the measured data have been treated according to the previously described procedure, measured and estimated irradiance values in every Kato band can be compared in order to validate the performance of the SPECMAGIC algorithm. The output of SPECMAGIC consist of irradiance in each of the Kato bands. However, since the widths of these bands vary strongly, the derived irradiance values are not very informative. Instead, we will show the results of the validation with these two sets of values:
• spectral irradiance in every band calculated by dividing the irradiance values in each Kato band by the width of the band in nm, R λ (W/m 2 /nm);
• normalized spectral irradiance R n (1/nm), obtained by dividing the irradiance value in every Kato band by the sum of the irradiance values of all the Kato bands considered. In this way, the broadband irradiance, after the normalization, is equal to 1 W/m 2 for both the measurements and the estimates. These relative irradiance values per Kato band make it possible to see if some parts of the estimated spectrum have an excess or deficit relative to the measured averaged spectrum.
In the next two sections, the results of the validation of the estimated global horizontal and direct normal irradiance are presented. Two statistics are applied, general mean bias deviation gM BD and relative general mean bias deviation rgM BD. The general mean bias deviation (gM BD, W/m 2 ) is calculated as the difference between the total irradiance estimated by the SPECMAGIC algorithm for all of the considered Kato bands (K) and the total measured irradiance, according to Equation (9) .
where
and G meas i are, respectively, the average irradiance in the Kato band i from the satellite database and the measured one (W/m 2 ). K 1 and K 2 are the first and last of the Kato bands available in the considered measured datasets of global horizontal and direct normal irradiance. The relative general mean bias deviation (rgM BD) is the result of dividing gM BD by the sum of the average measured irradiance in every Kato band considered, following Equation (10) .
In addition to these, the mean bias deviation in absolute and relative terms is calculated for every Kato band separately. Other statistics have been calculated, as well, like the root mean square deviation (RM SD) or the mean absolute bias (M AB), but are provided as extra information in the Supplementary Material [37].
Global Horizontal Radiation
From the initial database for Ispra with measurements at more than 10,000 time points, after applying the process described above to select the closest moments to the available satellite data for this location, the validation of the SPECMAGIC results is performed using 3252 time points. Due to the wavelength range measured of global horizontal irradiance, it is only possible to analyze the Kato bands from 7-27, which cover the wavelength range between 407.5 nm-2153.5 nm. The gM BD of 17.58 W/m 2 , 6.12%
in rgM BD, shows that the algorithm tends to overestimate the solar resource in this location. This same trend was observed when the same algorithm was applied to estimate the broadband global horizontal irradiance in the same location [21] . In that other validation, for which data registered in 2005 were used, the resulting errors of 13.85 W/m 2 gM BD or 9.02% in rgM BD are similar to the deviations shown in the present paper. It should be noted that in the analysis performed in [21] , the Ispra location showed the highest annual bias out of 16 stations. Considering the spectral irradiance values in each Kato band, the bias remains below 11% for every band. The highest deviations are observed below 667 nm (Kato band 14) . Above that wavelength, the deviations decrease to the point of becoming negative for the last two bands (wavelengths above 1613 nm), even though the width of the bands is considerable bigger than for the first bands.
Using the normalized values, the share of the irradiance contained in every band can be analyzed. As shown in the last two columns in Table 3 , the satellite's estimate results in a distribution of the spectral irradiance that gives more weight to the visible range than there is in the measured spectrum. Conversely, for wavelengths above 700 nm, the estimated values represent a lower share of the broadband irradiance. This is not the case for Kato Bands 21 and 25, which cover a wavelength range affected by the water vapor absorption, that show a positive bias. This could mean that the SPECMAGIC algorithm underestimates this effect for the Ispra site or that the input data related to this effect are not accurate enough for this particular location. However, it should be noted that apart from the two last bands, the relative bias is less than 5% in all considered Kato bands. Figures 2 and 3 show the satellite and measured spectral and normalized irradiance values per Kato band, along with the corresponding bias (M BD). The satellite and measured values for the different Kato bands are assigned to the mid-wavelength of every band (X axis). For the spectral irradiance (Figure 2) , there is a positive bias over nearly the entire spectrum, consistent with the positive bias observed in the broadband irradiance analysis. In contrast, the normalized spectral irradiance shows much better agreement between measured and estimated spectrum, with a positive bias of 2%-5% around 500-800 nm and a slight negative bias beyond 1200 nm. Similarly to the validation performed on the broadband irradiance [21] , data corresponding to clear sky conditions and overcast situations have been analyzed separately also for the spectrally-resolved irradiance. The results are presented in the Supplementary Material [37].
Direct Normal Radiation
From the initial database for Nicosia with more than 7,000 time points, once the measured values are integrated into Kato bands and the closest moments to the available satellite data have been selected, the validation of the algorithm is performed using 790 time points. Due to the wavelength range measured of direct normal irradiance, it is only possible to analyze the Kato bands from 4-25, which cover the wavelength range from 306.8-1613.5 nm.
The general bias, gM BD, of 34.6 W/m 2 is higher than the one obtained in the validation of the global horizontal irradiance. However, due to the higher direct irradiance values at this site, the relative bias of 6.49% rgM BD is similar in both datasets. The positive bias in the broadband irradiance is also observed over most of the wavelength range in the spectral direct irradiance. These results agree with those obtained in the first validation of the SPECMAGIC algorithm, being a bit higher than those reported in [13] . The accuracy observed on that occasion was in the range of the uncertainty of surface measurements, which is about 5%, with the exception of the part of the spectrum above 1200 nm (Kato Band 24 and above), where higher deviations were observed. Table 4 The results obtained for the spectral direct irradiance show a tendency to underestimate the part of the spectrum below 566 nm with the exception of the first two available bands and to overestimate the rest of the wavelength range measured. The bias for the various Kato bands are generally higher than the ones obtained for the global horizontal irradiance. However, the relative mean bias deviation values are similar in both datasets.
The same trend to underestimate in the lowest part of the spectrum and overestimate in higher wavelength ranges is also observed when considering the normalized values. This is the opposite of what was observed for the global horizontal spectral irradiance. Figures 4 and 5 show, respectively, the satellite and measured spectral and normalized irradiance values per Kato band, along with the corresponding bias.
In both figures, a significant overestimation is noticeable at wavelengths above 1200 nm, as was observed also by Müller et al. [13] , in the first validation of the SPECMAGIC algorithm.
Due to the small number of months analyzed and the fact that direct normal irradiance is very low in the case of overcast sky conditions, the validation of the algorithm has not been performed selecting clear and overcast sky conditions, as has been done for the global horizontal irradiance. 
Average Photon Energy Calculation
The average photon energy can be used to describe the spectral irradiance distribution at a certain location to within a level of certainty, as shown by Minemoto et al. [12, 35] . Despite the applications of the APE values and due to the lack of spectrally-resolved irradiance data, in this section, we have calculated the APE values considering the output of the SPECMAGIC algorithm. In order to validate the suitability of considering those satellite-based values for the APE calculation, we have calculated the APE with three different datasets:
• global horizontal spectral irradiance measured every 2 nm (meas); • global horizontal spectral irradiance measured every 2 nm, but integrated into Kato bands (measKB); • satellite-derived global horizontal spectral irradiance, which is already integrated into Kato bands (satKB).
By comparing the first two, we can analyze whether the integration of the spectral irradiance into Kato bands affects the APE values that would result from considering the real measurements recorded every few nm. Comparing the APE values resulting from the last two datasets will help with analyzing the suitability of the satellite data for the estimation of the APE values at a certain location. The data used for this analysis, both measured and satellite-based values, correspond to Ispra (Italy) and were used in previous sections. A total number of 3252 data points have been considered, as explained in Section 4.1. For the estimation of the APE values, only the wavelength range between 400 nm and 1050 nm is used, which covers the Kato bands from 7-22, inclusive. A full description of the calculation procedure for the APE can be found in Norton et al. [35] .
The APE values for the three datasets are shown in Table 5 , while the average monthly APE values for the three datasets are shown in Figure 6 . Figure 6 . Monthly APE values calculated for the spectral global horizontal irradiance values measured and estimated for Ispra.
Calculating the APE values using the measured data integrated into Kato bands (M easKB) reduced the APE values by about 0.32% with regard to the values obtained when considering the measurements recorded every 2 nm (M eas). When APE values are calculated using the satellite retrieved values, APE tends to be higher than those obtained from the measured data, especially for the winter months (from October-February). However, considering the yearly average values, both APE values from M easKB and SatKB are very similar, with a bias of 0.37%. This is consistent with the results shown in Figure 3 that showed a slight positive bias in the blue end of the spectrum, leading to a higher APE. In view of these results, we can conclude that the SPECMAGIC output values could well be applied to estimate the APE values at any location.
Validation of the Model for PV Performance under Varying Spectrum
The ability of the algorithm to retrieve spectral irradiance values from satellite images has been validated in the previous sections. In this section, these satellite values will be applied to validate the model used to estimate the changes in the performance of PV modules under different solar spectra. For this, outdoor measurement data from a CdTe module will be used.
The PV module considered was measured outdoors during the period of time between May 2010, and November, 2011, in the test installation at the Joint Research Centre (JRC) ESTI Laboratory located in Ispra, Italy. The measurement system for long-term outdoor measurements of PV modules is described in [38] (see also [4] ). The PV modules are mounted on a metal rack facing south at an inclination angle of 45°from the horizontal plane. The module temperatures, T mod , are measured by PT100 sensors on the back of the modules. The in-plane of array irradiance, G P OA , is measured using a calibrated silicon reference cell mounted in the same plane as the modules. Measurements are made approximately every four minutes during daytime, provided the in-plane irradiance exceeds the threshold of 50 W/m 2 .
To validate the spectral performance model, the effective long-term mismatch factor for the CdTe module, M M CdT e , is calculated using both satellite-derived irradiance data and real measurements of the module short-circuit current. First, the spectral mismatch factor for I sc , M M Isc,n , is calculated by inserting the module short-circuit current data for each measurement moment n into Equation (3). The measured module short-circuit current, I sc , at each moment must be corrected to a temperature of 25°C. This is done according to Equation (11), where α is the temperature coefficient of the module, and T mod (°C) is the module temperature. α was found from indoor measurements to have the value of α = −0.00055
• C −1 .
The overall spectral mismatch factor M M meas_Isc can then be calculated in the following way (similar to [6, 8] ). In the absence of spectral effects, the short-circuit current would be proportional to the measured irradiance: I sc = (G P OA /G STC ) · I sc_ST C , where I sc_ST C is the short circuit current under STC conditions and G STC is the STC irradiance of 1000 W/m 2 . The instantaneous spectral mismatch factor is then calculated as the deviation of the measured I sc from this "ideal" value:
I sc_ST C was found from the outdoor measurements using the (temperature-corrected) I sc values during times when G P OA 1000 W/m 2 and the air mass AM 1.5.
The overall measured spectral mismatch for the time period of the measurements is then calculated using Equation (12):
To estimate the overall mismatch factor for CdTe using the satellite data, M M CdTe_sat , the instantaneous spectral correction factor M M CdTe_sat,n for each measurement moment n is first calculated by inserting the satellite spectral irradiance data R SAT (λ) and the CdTe module spectral response, S r,CdT e (λ), into Equation (3). The mismatch factor for the entire measurement period is then calculated by summing these values weighted by the irradiance intensity at which they occur, as described in Equation (13):
here, G P OA,n is the plane-of-array irradiance, in this case measured using a calibrated silicon reference cell. However, this approach introduces an additional calculation step, because this reference cell has its own spectral mismatch value. To correct for this, it is necessary to divide the satellite mismatch value for the CdTe module, M M CdTe_sat , by the mismatch of the silicon reference cell, M M Si_sat , as shown in Equation (14) .
Here, M M pred_sat is the predicted overall mismatch between the CdTe module and the irradiance measured by the Si reference cell. M M Si_sat is calculated in the same manner as for M M CdTe_sat , but inserting the satellite irradiance data R SAT (λ) and the Silicon reference cell spectral response, S r,Si (λ), into Equation (3), to calculate for every moment n for the spectral mismatch factor M M Si_sat,n .
For the period of time the CdTe module was measured outdoors, there are approximately 35,000 satellite data points and 100,000 measurements from the outdoor field. In order to perform the validation of the model in the most accurate way and considering the frequency of the measurements from the outdoor field, only those data from the satellite and the outdoor field datasets, whose time difference was below five minutes, were selected. In the end, almost 10,000 data points are used for this analysis.
For a given moment n, three different spectral correction factors are calculated (M M Isc,n , M M CdTe_sat,n and M M Si_sat,n ). From these values, the overall mismatch factors are calculated ( M M meas_Isc , M M CdTe_sat and M M Si_sat ; with these last two values, M M pred_sat is calculated). The results of these calculations are shown in Table 6 .
Both mismatch values ( M M meas_Isc and M M pred_sat ) show that, for the location analyzed, the effective irradiance, G ef f , received by the CdTe module would be slightly higher than the in-plane of array irradiance registered in the measured database, G P OA . This would improve the estimated performance of the module for this location with regard to the estimations obtained if the spectral effect were not taken into account. Considering the mismatch factor resulting from the measurements as the real value for the module, M M meas_Isc , using the satellite data to estimate the effective irradiance would imply an overestimation of 0.09%. This result shows that using the satellite information provides accurate results, at least for the location analyzed. However, it would be necessary to consider other PV technologies, as well as data from other locations. The comparison of the mismatch factors has also been made month by month. The numbers are provided in Supplementary Material [37] . Figure 7 shows the monthly variation in the mismatch factors. It can be seen that the annual variability is higher for the ground-based measurement values than for the satellite-based values. The spectral mismatch shows a clear variation over the seasons, with generally higher values in summer and lower values in winter. This pattern is found both in the ground-based data ( M M meas_Isc ) and in the satellite estimates values ( M M pred_sat ). In most cases, both values tend to agree, in the sense that both are above or below one simultaneously. As was shown above, when considering the whole time period, the satellite estimate of the mismatch factor is only slightly higher than that obtained from the I sc measurements. However, when looking at monthly values, there are larger deviations. Considering the common available months in the two years (from May-November), the satellite-based estimates for a given month are more similar between the years than the ground-based calculation. This may indicate a problem either with the measurements of the irradiance or in the measurement of I sc . If this is the case, the main conclusion must be that the difference between the satellite-based and ground-based calculation is well within the uncertainty of the ground-based measurements. However, this comparison does show that the satellite-based estimate can resolve the variations in the mismatch over the seasons, which is an indication that the method can work over a range of different conditions (different weather types and varying Sun elevation angles). Considering the satellite data results in a general overestimation of the mismatch factor ( M M pred_sat > M M meas_Isc ). However, there are some months, around the winter period, where an underestimation is observed. The bias varies between −2.13% and 1.66%, although for half of the months, the bias remains below 1%.
Geospatial Mapping of PV Performance Variations due to Solar Spectrum Variations
Comparison with Results from the Literature
The validation presented in the previous section suffers from the fact that actual measured data for PV modules were available for only one single site. It would therefore be useful to compare the results we have obtained with those published by other groups. It will not be a true validation, since there are a number of differences in the approaches, but it will still be useful to see how well these studies compare.
Two recent studies have reported values for the spectral mismatch of different module types at various locations: Alonso-Abella et al. [6] and Dirnberger et al. [8] . In the first study, four different sites in Germany, Spain and Algeria were used, while the second study reports results for Freiburg, Germany.
There are a number of differences in approaches, which means that the comparison will not be exact. The two studies considered an inclination angle of 30°, while our results are for 20°inclination. Especially for a-Si, the spectral response varies between manufacturers, and the one used in [8] seems to have a slightly broader spectral response curve. The time period is different, and the results in [8] show some variation between years. Finally, these two studies considered only the influence of the spectrum on I sc , and the mismatch is essentially the deviation in monthly or annual average I sc . In contrast, our study uses the spectrally-corrected irradiance as input to a model for the module power. If there is a correlation between module temperature and the spectral effect (and this can be seen in the seasonal variation in Figure 7 ), the overall mismatch in the energy produced will be different from that considering only I sc .
Both studies have presented results as monthly average mismatch for the different PV technologies and locations. Figure 8 below shows similar results for four different locations: Freiburg [8] and Madrid, Jaen and Tamanrasset [6] . A comparison with the results of the previous studies shows that there are strong similarities: the seasonal variation of a-Si is stronger than for the other two module types; peak positive mismatch for a-Si is in summer for all four sites, while the a-Si mismatch is slightly negative in winter. The spectral effect is smaller for CdTe and c-Si, and there is less seasonal variation.
Some differences are also evident: our results show a somewhat stronger seasonal effect for c-Si than the other studies, with the lowest values in summer. The overall effect for c-Si is stronger than the values found in [6] . For CdTe, the seasonal variation is less clear in our results, and the overall effect is somewhat lower than the one found in [8] . Table 7 shows annual average mismatch for the three PV technologies for five locations, comparing our results with those of [6, 8] . In the table, also Stuttgart is shown [6] . Our results differ from these authors by up to ±2%. Given the differences in approaches, this is not surprising. An interesting case is the values from Freiburg and Stuttgart, which are geographically close. Here, our results show very similar values, while the results of [8] (Freiburg) and [6] (Stuttgart) vary more between each other and in opposite directions from our results ( [8] shows higher values of M M , while [6] has lower values). 
Mapping the Influence of the Spectrum on PV Performance
Using the data and models described in Sections 2 and 3, it is now possible to estimate the performance of different PV module types over large geographical regions. The calculations are performed to obtain estimates of the PV power output at each hour of a year, using the following steps:
1. From the global horizontal and direct horizontal irradiance, calculate the inclined-plane direct and diffuse irradiance in each spectral band (Section 2.2). 2. Correct the in-plane of array irradiance for AOI effects (Section 3.1). 3. From the corrected direct and diffuse irradiance, use Equation (3) to calculate the effective irradiance. 4. Calculate the module temperature from the AOI-corrected irradiance, ambient temperature and wind speed using Equation (8). 5. Use Equations (5)- (7) to calculate the instantaneous module power.
In order to estimate the overall effect of spectral variations, we have also performed these calculations leaving out Step 3 in the list above, so the power will be estimated without taking into account the solar spectrum.
The calculation steps in the above list have been performed using one year of irradiance data derived from the Meteosat-7 satellite at 0°longitude. The coverage area of this satellite is Europe, Africa and parts of western Asia. Temperature and wind data were taken from the European Centre for Medium-Range Weather Forecast (ECMWF) ERA-Interim reanalysis, with a spatial resolution of 0.75°l atitude/longitude and a time resolution of 3 h [39] . The study year is 2005. For this calculation, the modules were assumed to be mounted on a fixed open-rack facing the Equator at an inclination angle of 20°from the horizontal plane.
The resulting maps show the estimated total energy production by a 1kW p array of modules of the given module type. The annual energy production E tot,spec is calculated following Equation (15):
where t h is the h-th hour in the year.
An example of these maps of annual energy PV output is shown in Figure 9 , where the PV output estimation for a CdTe module is calculated for the year 2005 considering the effects of irradiance and temperature on PV performance, as well as the spectral effects. A similar map was calculated for the total energy E tot , but leaving out the spectral correction step (Step 3 in the above list). From these two energy output estimates, we can then calculate a measure of the annual average spectral mismatch, M M (Equation (16)):
A map of M M for CdTe modules is shown in Figure 10 . From the figure, we see that in large regions, the spectral effect is very small. This is the case in desert areas (north Africa, Arabia and Namibia) and in Southern Europe (Turkey, southern Spain). In most of Europe, the effect is a little larger, at around 0.01-0.02 (corresponding to 1%-2% extra energy output), increasing as we move north. The largest effect is seen in humid tropical regions, such as equatorial West Africa, where the effect can be up to about 0.05 (5% extra energy). The region with a negative spectral effect at the easternmost edge of the image is probably an artifact caused by the increased uncertainty in the solar radiation estimates at the edge of the satellite image. The same calculation was carried out also for crystalline silicon modules and for a single-junction amorphous silicon module (see the spectral response curves in Figure 1) . The results are shown in Figures 11 and 12 respectively, showing again the spectral effect as calculated in Equation (16) . The color scale is the same in Figures 10-12 to make the comparison easier. It is clear from Figure 11 that the influence of the spectral variations is much less pronounced for crystalline silicon modules. In all of Africa and in Southern Europe, the absolute value of the effect is less than 1%. In Central Europe, this increases somewhat to about +2%, and the strongest effect is found in Northern Europe, but the effect is still limited to about +3%.
In contrast, the effect of the spectral variations is much more pronounced for amorphous silicon ( Figure 12 ). The effect is nearly always positive, again with the lowest values found in desert areas (from 0 to +2%). In Europe, the effect is somewhat stronger, at +3% or +4%. As for CdTe, the strongest effect is found in the tropical areas of Africa, where the effect may reach as high as +10%, meaning that the actual energy output of the module may be up to 10% higher than would be predicted without taking into account the spectral effects. The overall pattern of the effects is that the effect is stronger in areas with a high level of diffuse irradiance, such as northern Europe and tropical West Africa. The effect is also stronger for PV technologies with more narrow spectral response curves, with the strongest effect seen for amorphous silicon that is only sensitive to radiation with a wavelength less than 750 nm.
Spectral Effect Dependence on Inclination Angle
The results shown in the previous section have all been calculated using a single inclination angle for the PV modules (20°from the horizontal plane, Equator-facing). If the inclination angle is changed, the amount of in-plane irradiance changes, but also the ratio of direct to diffuse irradiance is affected. In order to study the effect of changing inclination angle, we have performed the calculation of M M for a number of different inclination angles for four different locations. These locations represent a humid equatorial climate, Köppen-Geiger (K-G) classification "Aw" (1°48'N, 15°20'E), a desert climate, K-G= "BWh" (24°55'N, 46°25'E), a Mediterranean climate, K-G = "Csa" (44°5'N, 5°4'E), and a maritime Northern European climate, K-G = "Cfb" (51°97'N, 4°56'E). The inclination angle was varied from 0°to 60°, south-facing. The calculation was made for one year (2011) for three different module types. The resulting values of M M are shown in Figure 13 . Figure 13 . Effect of spectral variations on PV output for three different module types as a function of inclination angle; annual average spectral mismatch for the year 2011.
The spectral performance of c-Si modules varies only slightly with inclination angle. The effect is somewhat more pronounced for CdTe and even more for single-junction a-Si. Furthermore, at latitudes close to the Equator, the tendency is towards an increased effect at steep inclinations, while at more northerly locations, the variation is in the opposite direction. This may be due to the changing ratio of direct to diffuse light. Near the Equator, the amount of direct sunlight decreases with increasing inclination, while at higher latitudes, the amount of direct light increases (until the inclination angle equals the latitude) while the diffuse light decreases.
Mapping Average Photon Energy
The average photon energy (APE) is one way to reduce the complexity of variations in the spectrum of sunlight to a single parameter. As the name implies, this number is simply the average energy of the photons arriving in a given plane located at the Earth's surface within a given time period. The averaging may be performed for all of the wavelengths in the sunlight or may be restricted to a certain band.
In the study presented here, APE has not been used to estimate PV performance, as the full spectrum information is available from the satellite-based estimates. However, it could still be useful to calculate APE in order to compare these results with other studies.
The annual average APE was calculated for irradiance in the same plane (20°Equator-facing) as the results shown in the previous sections. For the present study, we chose the interval 300-1050 nm for the calculations. In each spectral band, the photon energy is assumed to be equal to that of the central wavelength in that band.
The annual average of APE can then be found as an irradiance-weighted average of the hourly APE maps, according to Equation (17):
The resulting map of APE for the year 2005 is shown in Figure 14 . It is clear from the map that the overall pattern of variation in APE is similar to the pattern of PV performance variations shown in Figures 10-12 , especially for the PV technologies with the most restricted spectral range. However, these maps will not by themselves show how good is the correlation between APE and the mismatch factor or whether APE can be used to predict M M with reasonable accuracy. A detailed discussion of this is outside the scope of this paper, but a few examples will be shown to give an idea of the issue. Figure 15a shows the instantaneous values of M M for a-Si for a location in Gabon. Figure 15b shows M M values for CdTe for 1,000 random locations in the study area. While it is clear that there is indeed some relation between APE and M M , it is also clear from the figures that there is quite a lot of variation in both M M and M M for any given value of APE. Thus, M M for a-Si at this location may vary by almost ±10% for the same APE. This range is almost twice as high as the range of values of M M for a-Si in the whole study area. For the M M of CdTe, the values at different locations with the same average APE may vary by up to three percentage points, which is about half the total range of M M for CdTe.
These results show that at least in these cases, APE would not be a good indicator of the spectral mismatch of PV systems. In addition, there is the problem that APE must be estimated in some way for all locations where solar spectral measurements are not available, which would introduce a further uncertainty in the estimate of the mismatch. For these reasons, we would suggest that it is preferable to use spectrally-resolved radiation data from satellites to estimate the spectral mismatch for PV studies, if these data are available.
Conclusions
We have presented a method for calculating the effect of time-varying sunlight spectrum on the performance of PV modules using spectrally-resolved irradiance data estimated from satellite data. The satellite data necessary for the method may be calculated from the Meteosat satellites covering Eurasia and Africa.
Validation of the satellite-based spectral data performed in previous papers and in this study shows that the agreement between estimated and measured spectral data is good, both for the spectrum of global horizontal irradiance and direct normal irradiance. The method to estimate the spectral effect on PV modules was also checked against measured data from a CdTe module and found to give good agreement.
Applying spectral response data for crystalline silicon, CdTe and single-junction amorphous silicon modules to the spectral satellite data, we were able to construct maps of the annual average spectral effect on these module types over Europe and Africa. Generally, the effect is small for all three module types in desert areas, indicating that the average spectrum here is quite close to the standard spectrum. A small positive effect of +2 to +4% is seen in most of Central and Northern Europe for CdTe and a-Si modules. The strongest effect is seen in tropical Africa, where CdTe modules may produce up to about 6% more energy due to spectral effects, while for a-Si modules, the effect may reach +10%. In contrast, in this area, c-Si modules show little overall effect. The magnitude of this effect is large enough that it should be taken into account when estimating PV energy production in these areas.
For the time being, the study has been performed only for single-junction PV technologies, such as crystalline silicon, CdTe or single-junction a-Si modules. Multijunction PV technologies have a more complicated behavior under varying spectra due to the varying spectral sensitivity of the different layers. This study also considered only fixed-mounted flat-plate PV modules. Concentrating PV modules use only the direct normal irradiance, which will have a different spectrum, and, also, often use multijunction cells. We plan to use the methods developed for this study to investigate the spectral effects for these PV technologies in the near future. 
